Summary. Plasma insulin is a risk factor for diabetes mellitus and cardiovascular disease in men. We investigated the association between plasma testosterone and plasma insulin in an occupational sample of 1292 healthy adult men. Total plasma testosterone decreased with each decade of age and insulin increased with each decade of age. In these cross-sectional data, this significant graded inverse association between testosterone and insulin was independent of age. The association was reduced but not explained by the addition of obesity and subscapular skinfold to the model. Adjustment for alcohol consumption, cigarette smoking and plasma glucose did not materially alter the association. These results are the reverse of the positive association of androgens with insulin in women and suggest alternative possible explanations for the effect of hyperinsulinaemia on cardiovascular disease risk. Prospective studies will be necessary to determine the direction and causal nature of this association.
We have previously reported a steady stepwise agerelated decrease in plasma total and bioavailable testosterone beginning in young adult life in healthy men [1, 2] . Lower testosterone levels were associated with increasing obesity and central adiposity, but were not explained by these characteristics, cigarette smoking or alcohol use [1] . Plasma total testosterone levels have been shown to be negatively correlated with many cardiovascular risk factors in men [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Insulin resistance increases with age [20] [21] [22] [23] [24] and hyperinsulinaemia has been demonstrated to be a risk factor for coronary disease and mortality from three prospective surveys in men [25] [26] [27] . In this context, it is surprising that the relationship between plasma testosterone and plasma insulin in men has not been more closely investigated. One large population-based study described insulin as a confounding factor for the association between testosterone and prevalent ischaemic disease [10] . We therefore investigated the relationship between plasma testosterone and plasma insulin levels in a large sample of healthy men recruited from an occupational cohort.
Subjects and methods
From April 1985 to July 1987, 1297 consecutive, healthy Caucasian men, aged 20-60 years, without diabetes mellitus or other known chronic diseases, who voluntarily attended a centre for preventive medicine, were examined in a cross-sectional study. Subjects were "France Telecom" employees working in the Paris area, who are offered a free medical check-up every 5 years for those under 40 years and every 2 years for those over 40 years. Most were sedentary office workers.
A self-administered questionnaire, filled out at home and reviewed by a secretary with the subject during the consultation, inquired about tobacco and alcohol consumption. A physical examination recorded height, weight and subscapular skinfold thickness (with a Holtain skinfold caliper). The body mass index (BMI) [weight(kg)/height(m) 2] was used as an estimate of obesity and subscapular skinfold thickness as an estimate of upper body fat distribution. Blood from fasting subjects was obtained between 08.00 and 09.00 hours. After centrifugation, plasma was separated and frozen at -20 ~ until hormones were assayed an average 32 days later. Plasma total testosterone was measured by radioimmunoassay after column chromatography on celite, with 5.1% intra-assay and 9.2 % inter-assay coefficients of variation [28, 29] , and a sensitivity equal to 0.05 ng/ml, less than the range observed in this male population (0.7 to 18.8 ng/ml). Fasting plasma insulin was measured by radioimmunoassay with INSI-PR method (CIS Bio-Industrie; Gif-sur-Yvette, France), providing 13.7 and 5.8% intra-assay and 8.0 and 8.6 % inter-assay coefficients of variation at insulin levels of 72 and 118 pmol/l respectively, and a sensitivity equal to 30 pmol/1. Plasma glucose measurements were performed the day of venipuncture, fasting and 2-h after a 75-g glucose load, using the glucose-oxidase method [30] .
Of the 1297 consecutive, healthy Caucasian men, aged 20-60 years, five were excluded because they did not have both plasma testosterone and insulin measured, for technical reasons. Therefore, 1292 subjects remained for analysis. 
Statistical analysis
Statistical analysis was conducted with the help of the SAS software on VAX/VMS [31] to perform mean comparisons by variance analysis, to calculate Pearson correlation coefficients (untransformed values shown as the results were not different when log values were used). Mean age (and other covariates)-adjusted plasma testosterone values were also calculated by categorical 15 pmol/1 increments of fasting plasma insulin, overall in a first step, then for each quartile of BMI, subscapular skinfold and fasting plasma glucose successively, using analysis of covariance. Correlation between plasma testosterone and fasting plasma insulin (taken as a continuous variable) was also computed after adjustment for age, BMI, skinfold thickness, tobacco and alcohol consumption, fasting and 2-h plasma glucose. A two-tailedp value of < 0.05 was used to indicate statistical significance.
Results
The characteristics of the 1292 Caucasian men aged 20 to 60 years (mean + SD: 37.2 + 10.7 years) are shown in Table 1 . Plasma testosterone showed a significant stepwise decrease (p < 0.001) with each decade of age; in contrast, fasting plasma glucose, 2-h plasma glucose and fasting plasma insulin significantly increased with age (each significant atp < 0.001). Table 2 gives the univariate correlation matrix between these parameters and also BMI and subscapular skinfold. As expected from Table 1 , age was significantly negatively correlated with plasma testosterone and positively correlated with fasting plasma glucose, 2-h plasma glucose and fasting plasma insulin. In addition, BMI and subscapular skinfold were each positively correlated with age (Pearson correlation coefficients equal to 0.40 and 0.37 respectively). Plasma testosterone was significantly negatively correlated not only with age, but also with fasting plasma glucose, 2-h plasma glucose, fasting plasma insulin, BMI and subscapular skinfold. Fasting plasma insulin, in addition to its significant positive relation with age (r = 0.11) and negative relation with testosterone (r = -0119), was also positively correlated with fasting plasma glucose, 2-h plasma glucose, BMI and subscapular skinfold.
In order to better describe the link between plasma testosterone and fasting plasma insulin, the crude and ageadjusted mean values of plasma testosterone were determined by fasting plasma insulin values (Table 3 ). There was a significant stepwise decrease in plasma testosterone with increasing levels of insulin, even after adjusting for age (p < 0.0001). This decrease was reduced but remained graded and significant after adjusting at the same time for age, BMI, subscapular skinfold, tobacco and alcohol consumption. The mean plasma testosterone values by categorical 15 pmol/1 increments of fasting plasma insulin were 6.28, 6.21, 6.14 and 5.79 ng/ml respectively (p = 0.05).
Moreover, the relationship between plasma testosterone and fasting plasma insulin remained highly significant after adjustment for fasting and 2-h plasma glucose (p < 0.0001). The addition of these two parameters in the model with the above-listed covariates reduced but did not remove the significant correlation between plasma testosterone and fasting plasma insulin (p < 0.03). Tests were performed by analysis of variance; adjustments were performed by analysis of covariance using age, BMI, skinfold, tobacco and alcohol as continuous variables Figure i shows the age-adjusted variations of plasma testosterone in each respective quartile of BMI, subscapular skinfold and fasting plasma glucose between four categories of fasting plasma insulin values. The decrease in plasma testosterone with increasing fasting plasma insulin level was consistent in most quartiles of BMI, subscapular skinfold and fasting plasma glucose despite the instability of relatively small numbers within subgroups, indicating the inverse relationship between plasma testosterone and fasting plasma insulin occurred at all levels of obesity, body fat distribution and plasma glucose. The same trend was observed within each quartile of 2-h plasma glucose (data not shown).
Discussion
In this population of healthy men, testosterone and insulin levels were inversely related, independent of age, obesity, body fat distribution, plasma glucose, tobacco and alcohol consumption. It seems unlikely that this is a chance association, since it is biologically plausible and consistent with another published report [10] . The use of only one single morning blood sample to measure plasma testosterone in men has been proved to be convenient for epidemiological purposes [32] . Furthermore, if a single sample increases the intraindividual variation, then the associations would be reduced, not enhanced. Plasma testosterone is mainly bound to the sex-hormone-binding globulin, which was not measured in this study. Recent studies suggest that a fall in total plasma testosterone is accompanied by a parallel fall in free testosterone [17] . Therefore, measuring total testosterone should not modify the relationship observed here with insulin. The fact that the association is independent of age and obesity does not exclude a role for these attributes as explanatory variables, as some of the association is lost by the addition of obesity and fat distribution to the model. It is possible that a better measure of central adiposity than subscapular skinfold would have better explained the association and provided 175 additional insights into its mechanism. On the other hand, cigarette smoking, alcohol use and plasma glucose levels appear to contribute little to the association, since addition of these attributes to the model did not change the association materially.
Because recruitment was occupation-based and consisted of volunteers, the sample of the study cannot be considered as being representative of the total French adult male population, even if it is probably more representative of healthy people than most samples in other sex hormones studies, often based on patient populations consulting for diseases or sexual dysfunction. Indeed, since the testosterone-insulin association was also noted in a population-based study of older men (aged 45-59 years) in Wales [10] , it is unlikely to be explained by the Telecom worker's occupation or geographic origin.
These cross-sectional observations do not indicate whether decreased testosterone causes insulin to increase or vice versa. The increase of plasma insulin with age is thought to be a physiologic marker of insulin resistance [20] [21] [22] [23] [24] . The early appearance of decreased insulin sensitivity, beginning as early as 30 years of age [20] , could be the cause or the consequence of the parallel age-related decrease of plasma testosterone levels in men [1, 2] . The hypothesis that hyperinsulinaemia is the initial event, Fasting plasma insulin (pmol/l) Fig. 1 . Age-adjusted plasma testosterone according to values of fasting plasma insulin, by quartiles of body mass index (upper panel), subscapular skinfold (middle panel) and fasting plasma glucose (lower panel). 1st quartile-u-; 2nd quartile-n-; 3rd quartile-O-; 4th quartile-~-preceding the decrease in plasma testosterone, is partly supported by the reduction of adrenal androgen production during hyperinsulinaemic-euglycaemic clamp in normal men; testosterone evolution was unfortunately not reported [33] . Moreover, the observation of decreased free and total testosterone levels in older adult men with diabetes [34, 35] can be considered to indirectly support that hypothesis.
The pharmacologic models showing an induction of impaired glucose tolerance and hyperinsulinaemia by the administration of androgens to male athletes [36] or to patients with aplastic anaemia [37] are far from physiologic conditions and therefore cannot be used as proof of the connection between testosterone and insulin in healthy men. The hypothesis that a low level of plasma testosterone is the primary modification, followed by hyperinsulinaemia, is suggested by the human model of Klinefelter's syndrome where dysgenesia-retated hypogonadism is often accompanied by an impaired glucose tolerance, or even by diabetes, due to insulin resistance [38] . The observation that lower levels of gonadal and adrenal androgens were associated with increasing levels of waist-hip-ratio several years later in men of the Rancho Bernardo survey [39] , also suggests that low androgens promote abdominal obesity. Abdominal obesity is, in turn, a well-known predictor of hyperinsulinaemia and diabetes [40] .
Interestingly, the inverse association between androgens and insulin in men is the reverse of the better-known direct association between androgens and insulin seen in women. Thus, there is a positive correlation between testosterone and insulin levels (basal as well as glucosestimulated) in women with polycystic ovary syndrome [41] . Moreover, non-diabetic women with central obesity typically have hyperinsulinaemia, insulin resistance and androgen excess [42] [43] [44] .
Although this cross-sectional study does not permit direct inference about causality or a temporal relationship between testosterone, insulin, BMI and body fat distribution in men, the present data support the need for further studies in this field which could be of importance in the understanding of the relationship between diabetes and cardiovascular diseases.
